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Despite their importance in many biological, ecological and physical processes, microorganismal
fluid flows under tight confinement have not been investigated experimentally. Strong screening
of Stokelets in this geometry suggests that the flow fields of different microorganisms should be
universally dominated by the 2D source dipole from the swimmer’s finite-size body. Confinement
therefore is poised to collapse differences across microorganisms, that are instead well-established
in bulk. Here we combine experiments and theoretical modelling to show that, in general, this is
not correct. Our results demonstrate that potentially minute details like microswimmers’ spinning
and the physical arrangement of the propulsion appendages have in fact a leading role in setting
qualitative topological properties of the hydrodynamic flow fields of micro-swimmers under con-
finement. This is well captured by an effective 2D model, even under relatively weak confinement.
These results imply that active confined hydrodynamics is much richer than in bulk, and depends
in a subtle manner on size, shape and propulsion mechanisms of the active components.
The way ﬂuid is displaced around micro-swimmers is
crucial to many biological, ecological and physical pro-
cesses [1]. For instance, the uptake of nutrients and cap-
ture of small preys by micro-organisms depends directly
on their ﬂow ﬁelds [2–7]; planktonic predators and preys
detect each other mostly via ﬂuid-mediated mechano-
sensing [8–12]; and some species of protists can even re-
lay information on potential nearby danger via hydrody-
namic trigger waves [13]. The emergence of large-scale
collective motion in microswimmers’ suspensions is also
set by the far-ﬁeld symmetry of the ﬂuid ﬂows from in-
dividual active entities [14, 15]. Microscopic ﬂuid dis-
turbances naturally fall into the inertialess regime (low
Reynolds number), and are governed by the Stokes equa-
tions. In this regime, ﬂows can be decomposed and ex-
panded in terms of singularity solutions, or multipoles
[16]. In unbounded ﬂuids, the almost neutrally buoyant
swimming microorganisms are generally modelled either
as basic force dipoles (stresslets), or with spatially ex-
tended dipole variants like the 3-forces model introduced
for the microalga Chlamydomonas reinhardti (CR) [17]
(see Fig. 1a). The resultant ﬂow ﬁelds decay as ∼ r−2
[17, 18], and the sign of the eﬀective force dipole divides
micro-swimmers into two large classes: pushers (e.g. bac-
teria, pushing ﬂuid with their rear-mounted ﬂagella) and
pullers (e.g. CR, pulling the ﬂuid with front-mounted
cilia). This division appears to be very important in set-
ting macroscopic properties of active ﬂuids, from ﬂow in-
stabilities to bulk rheology [1, 19, 20]. Biological and ar-
tiﬁcial active particles, however, are often conﬁned within
boundaries, either as a consequence of their natural habi-
tat [21–24], or for technological purposes [25], or simply
to facilitate experiments [26, 27]. In this context, theory
has predicted that the bulk ﬂow picture should be criti-
cally modiﬁed by the boundaries [28, 29]. Here we pro-
vide a systematic experimental test of these conﬁnement-
induced changes in microbial ﬂows.
Important diﬀerences are expected in the multipolar
expansions of ﬂows from microorganisms between the
bulk and conﬁned cases. A point-force conﬁned between
two parallel no-slip walls creates, in the far ﬁeld, a ﬂuid
disturbance akin to a 2D source dipole with a veloc-
ity decay ∼ r−2 [30]. As noted in [28, 29], a force-
dipole between two plates should then produce a far-
ﬁeld ﬂow decaying as ∼ r−3, much faster than in bulk.
At the same time, whether driven by ﬂows, sedimenting,
or self-propelled, a finite-sized particle moving at a ve-
locity diﬀerent from the background ﬂuid must induce
a source-dipole perturbation along the direction of mo-
tion to fulﬁl mass conservation. In a quasi-2D Hele-Shaw
conﬁguration, when the swimmer’s size d is comparable
to the conﬁnement length H, this singularity decays as
∼ r−2 [28, 31–34], and should therefore dominate the
multipolar expansion regardless of the arrangement of
propulsive and drag forces. Consequently, conﬁnement
should substitute the bulk division between pushers and
pullers with a single class of micro-swimmers whose far-
ﬁeld hydrodynamic interactions are universally mediated
by 2D source-dipoles, although numerical studies sug-
gest that very near-ﬁeld details might also be important
[29]. These predictions stand in stark contrast with a fun-
damental lack of systematic experimental investigations
to test and substantiate the theoretical picture (but see
[35, 36] for collective eﬀects in conﬁned active droplets).
In this letter, we combine systematic experiments with
modelling to show that, within the experimentally acces-
sible range, conﬁnement does not lead to a universal col-
lapse of microbial ﬂows. Instead, we observe strong qual-
itative diﬀerences resulting from details in the geometry
and propulsion of diﬀerent microbial species. Intuitively,
these can be understood to arise from the dependence
of wall-induced screening of forces on the forces’ position
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<latexit sha 1_base64="Bd6JsoyW7QIi nLhEMLWH/7f9VdE=">AAAC xHicjVHLSsNAFD2Nr1pfVZ dugkVwVRIp6LIgiMsW7ANq kSSd1qHTJMxMhFL0B9zqt4 l/oH/hnTEFtYhOSHLm3HvO zL03TAVX2vNeC87S8srqWn G9tLG5tb1T3t1rqySTEWtF iUhkNwwUEzxmLc21YN1Usm ASCtYJx+cm3rljUvEkvtLT lPUnwSjmQx4Fmqjm9KZc8a qeXe4i8HNQQb4aSfkF1xgg QYQMEzDE0IQFAih6evDhIS WujxlxkhC3cYZ7lEibURaj jIDYMX1HtOvlbEx746msOq JTBL2SlC6OSJNQniRsTnNt PLPOhv3Ne2Y9zd2m9A9zrw mxGrfE/qWbZ/5XZ2rRGOLM 1sCpptQyprood8lsV8zN3S 9VaXJIiTN4QHFJOLLKeZ9d q1G2dtPbwMbfbKZhzT7Kcz O8m1vSgP2f41wE7ZOqT7hZ q9Rr+aiLOMAhjmmep6jjEg 20rPcjnvDsXDjCUU72meoU cs0+vi3n4QNpSI9w</late xit><latexit sha 1_base64="Bd6JsoyW7QIi nLhEMLWH/7f9VdE=">AAAC xHicjVHLSsNAFD2Nr1pfVZ dugkVwVRIp6LIgiMsW7ANq kSSd1qHTJMxMhFL0B9zqt4 l/oH/hnTEFtYhOSHLm3HvO zL03TAVX2vNeC87S8srqWn G9tLG5tb1T3t1rqySTEWtF iUhkNwwUEzxmLc21YN1Usm ASCtYJx+cm3rljUvEkvtLT lPUnwSjmQx4Fmqjm9KZc8a qeXe4i8HNQQb4aSfkF1xgg QYQMEzDE0IQFAih6evDhIS WujxlxkhC3cYZ7lEibURaj jIDYMX1HtOvlbEx746msOq JTBL2SlC6OSJNQniRsTnNt PLPOhv3Ne2Y9zd2m9A9zrw mxGrfE/qWbZ/5XZ2rRGOLM 1sCpptQyprood8lsV8zN3S 9VaXJIiTN4QHFJOLLKeZ9d q1G2dtPbwMbfbKZhzT7Kcz O8m1vSgP2f41wE7ZOqT7hZ q9Rr+aiLOMAhjmmep6jjEg 20rPcjnvDsXDjCUU72meoU cs0+vi3n4QNpSI9w</late xit><latexit sha 1_base64="Bd6JsoyW7QIi nLhEMLWH/7f9VdE=">AAAC xHicjVHLSsNAFD2Nr1pfVZ dugkVwVRIp6LIgiMsW7ANq kSSd1qHTJMxMhFL0B9zqt4 l/oH/hnTEFtYhOSHLm3HvO zL03TAVX2vNeC87S8srqWn G9tLG5tb1T3t1rqySTEWtF iUhkNwwUEzxmLc21YN1Usm ASCtYJx+cm3rljUvEkvtLT lPUnwSjmQx4Fmqjm9KZc8a qeXe4i8HNQQb4aSfkF1xgg QYQMEzDE0IQFAih6evDhIS WujxlxkhC3cYZ7lEibURaj jIDYMX1HtOvlbEx746msOq JTBL2SlC6OSJNQniRsTnNt PLPOhv3Ne2Y9zd2m9A9zrw mxGrfE/qWbZ/5XZ2rRGOLM 1sCpptQyprood8lsV8zN3S 9VaXJIiTN4QHFJOLLKeZ9d q1G2dtPbwMbfbKZhzT7Kcz O8m1vSgP2f41wE7ZOqT7hZ q9Rr+aiLOMAhjmmep6jjEg 20rPcjnvDsXDjCUU72meoU cs0+vi3n4QNpSI9w</late xit><latexit sha 1_base64="Bd6JsoyW7QIi nLhEMLWH/7f9VdE=">AAAC xHicjVHLSsNAFD2Nr1pfVZ dugkVwVRIp6LIgiMsW7ANq kSSd1qHTJMxMhFL0B9zqt4 l/oH/hnTEFtYhOSHLm3HvO zL03TAVX2vNeC87S8srqWn G9tLG5tb1T3t1rqySTEWtF iUhkNwwUEzxmLc21YN1Usm ASCtYJx+cm3rljUvEkvtLT lPUnwSjmQx4Fmqjm9KZc8a qeXe4i8HNQQb4aSfkF1xgg QYQMEzDE0IQFAih6evDhIS WujxlxkhC3cYZ7lEibURaj jIDYMX1HtOvlbEx746msOq JTBL2SlC6OSJNQniRsTnNt PLPOhv3Ne2Y9zd2m9A9zrw mxGrfE/qWbZ/5XZ2rRGOLM 1sCpptQyprood8lsV8zN3S 9VaXJIiTN4QHFJOLLKeZ9d q1G2dtPbwMbfbKZhzT7Kcz O8m1vSgP2f41wE7ZOqT7hZ q9Rr+aiLOMAhjmmep6jjEg 20rPcjnvDsXDjCUU72meoU cs0+vi3n4QNpSI9w</late xit>
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<latexit sha 1_base64="hm1GHYhpQxIh LxD63l9iRU7gO+c=">AAAC xHicjVHLSsNAFD2Nr1pfVZ dugkVwVRIp6LIgiMsWbCvU Ikk6rUOnSZhMhFr0B9zqt4 l/oH/hnXEKahGdkOTMufec mXtvmAqeKc97LTgLi0vLK8 XV0tr6xuZWeXunnSW5jFgr SkQiL8MgY4LHrKW4EuwylS wYh4J1wtGpjndumcx4El+o Scp642AY8wGPAkVU8+66XP GqnlnuPPAtqMCuRlJ+wRX6 SBAhxxgMMRRhgQAZPV348J AS18OUOEmImzjDPUqkzSmL UUZA7Ii+Q9p1LRvTXntmRh 3RKYJeSUoXB6RJKE8S1qe5 Jp4bZ83+5j01nvpuE/qH1m tMrMINsX/pZpn/1elaFAY4 MTVwqik1jK4usi656Yq+uf ulKkUOKXEa9ykuCUdGOeuz azSZqV33NjDxN5OpWb2PbG 6Od31LGrD/c5zzoH1U9Qk3 a5V6zY66iD3s45DmeYw6zt FAy3g/4gnPzpkjnMzJP1Od gtXs4ttyHj4Aa6iPcQ==</ latexit><latexit sha 1_base64="hm1GHYhpQxIh LxD63l9iRU7gO+c=">AAAC xHicjVHLSsNAFD2Nr1pfVZ dugkVwVRIp6LIgiMsWbCvU Ikk6rUOnSZhMhFr0B9zqt4 l/oH/hnXEKahGdkOTMufec mXtvmAqeKc97LTgLi0vLK8 XV0tr6xuZWeXunnSW5jFgr SkQiL8MgY4LHrKW4EuwylS wYh4J1wtGpjndumcx4El+o Scp642AY8wGPAkVU8+66XP GqnlnuPPAtqMCuRlJ+wRX6 SBAhxxgMMRRhgQAZPV348J AS18OUOEmImzjDPUqkzSmL UUZA7Ii+Q9p1LRvTXntmRh 3RKYJeSUoXB6RJKE8S1qe5 Jp4bZ83+5j01nvpuE/qH1m tMrMINsX/pZpn/1elaFAY4 MTVwqik1jK4usi656Yq+uf ulKkUOKXEa9ykuCUdGOeuz azSZqV33NjDxN5OpWb2PbG 6Od31LGrD/c5zzoH1U9Qk3 a5V6zY66iD3s45DmeYw6zt FAy3g/4gnPzpkjnMzJP1Od gtXs4ttyHj4Aa6iPcQ==</ latexit><latexit sha 1_base64="hm1GHYhpQxIh LxD63l9iRU7gO+c=">AAAC xHicjVHLSsNAFD2Nr1pfVZ dugkVwVRIp6LIgiMsWbCvU Ikk6rUOnSZhMhFr0B9zqt4 l/oH/hnXEKahGdkOTMufec mXtvmAqeKc97LTgLi0vLK8 XV0tr6xuZWeXunnSW5jFgr SkQiL8MgY4LHrKW4EuwylS wYh4J1wtGpjndumcx4El+o Scp642AY8wGPAkVU8+66XP GqnlnuPPAtqMCuRlJ+wRX6 SBAhxxgMMRRhgQAZPV348J AS18OUOEmImzjDPUqkzSmL UUZA7Ii+Q9p1LRvTXntmRh 3RKYJeSUoXB6RJKE8S1qe5 Jp4bZ83+5j01nvpuE/qH1m tMrMINsX/pZpn/1elaFAY4 MTVwqik1jK4usi656Yq+uf ulKkUOKXEa9ykuCUdGOeuz azSZqV33NjDxN5OpWb2PbG 6Od31LGrD/c5zzoH1U9Qk3 a5V6zY66iD3s45DmeYw6zt FAy3g/4gnPzpkjnMzJP1Od gtXs4ttyHj4Aa6iPcQ==</ latexit><latexit sha 1_base64="hm1GHYhpQxIh LxD63l9iRU7gO+c=">AAAC xHicjVHLSsNAFD2Nr1pfVZ dugkVwVRIp6LIgiMsWbCvU Ikk6rUOnSZhMhFr0B9zqt4 l/oH/hnXEKahGdkOTMufec mXtvmAqeKc97LTgLi0vLK8 XV0tr6xuZWeXunnSW5jFgr SkQiL8MgY4LHrKW4EuwylS wYh4J1wtGpjndumcx4El+o Scp642AY8wGPAkVU8+66XP GqnlnuPPAtqMCuRlJ+wRX6 SBAhxxgMMRRhgQAZPV348J AS18OUOEmImzjDPUqkzSmL UUZA7Ii+Q9p1LRvTXntmRh 3RKYJeSUoXB6RJKE8S1qe5 Jp4bZ83+5j01nvpuE/qH1m tMrMINsX/pZpn/1elaFAY4 MTVwqik1jK4usi656Yq+uf ulKkUOKXEa9ykuCUdGOeuz azSZqV33NjDxN5OpWb2PbG 6Od31LGrD/c5zzoH1U9Qk3 a5V6zY66iD3s45DmeYw6zt FAy3g/4gnPzpkjnMzJP1Od gtXs4ttyHj4Aa6iPcQ==</ latexit>
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<latexit sha1_base64="cJ2uOaD0tld4VFOXITrbUdX WVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeG VNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfNaOObMDx2ctZ 3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEY R82Eno6sGAiJq6HCXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vui cop7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWV vE3pZSs3LuZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbelP XwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXITrbUdX WVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeG VNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfNaOObMDx2ctZ 3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEY R82Eno6sGAiJq6HCXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vui cop7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWV vE3pZSs3LuZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbelP XwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXITrbUdX WVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeG VNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfNaOObMDx2ctZ 3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEY R82Eno6sGAiJq6HCXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vui cop7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWV vE3pZSs3LuZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbelP XwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXITrbUdX WVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeG VNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfNaOObMDx2ctZ 3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEY R82Eno6sGAiJq6HCXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vui cop7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWV vE3pZSs3LuZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbelP XwA5f6VGQ==</latexit>
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<latexit sha1_base64="buqwqt41l27EsUXgHsXg9xH 5Lpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2 +agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53n lBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYsl TRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMc XsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gf P4AdjGMqg==</latexit>
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<latexit sha1_base64="y+QEyENDVwiMT5Yfd8HfKDb gRmM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//Gb ZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+5 4lrI2L1iNOE+xEdKREKRtFKD57rDsoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3 rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWU KaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u7rlUY9j6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCH zifP1OgjR8=</latexit>
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<latexit sha1_base64="kA8ZOSqnhs8d1r8RaPV/Ksp zjPY=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBbBiyWpBT0WvHisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3b toctPXBwOO9GWbmhQln2njet1Pa2Nza3invVvb2Dw6P3OOTjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9C73u 09UaRbLRzNLaCDwWLKIEWxy6cr3vKFb9WreAmid+AWpQoHW0P0ajGKSCioN4Vjrvu8lJsiwMoxwOq8MUk0TTKZ4T PuWSiyoDrLFrXN0YZURimJlSxq0UH9PZFhoPROh7RTYTPSql4v/ef3URLdBxmSSGirJclGUcmRilD+ORkxRYvjME kwUs7ciMsEKE2PjqdgQ/NWX10mnXvOva/WHRrXZKOIowxmcwyX4cANNuIcWtIHABJ7hFd4c4bw4787HsrXkFDOn8 AfO5w+9Q41W</latexit>
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<latexit sha1_base64="b uqwqt41l27EsUXgHsXg9xH5Lpw=">AAAB6HicbVBNS8N AEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm 7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW /nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW 2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqz UdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvy MKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljR kof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLRe FqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ2 0qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6 cR+fFeXc+lq0bTj5zBn/gfP4AdjGMqg==</latexit>
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<latexit sha1_base64="y +QEyENDVwiMT5Yfd8HfKDbgRmM=">AAAB6nicbVBNS8N AEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSb sToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt +O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC 8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtF KD57rDsoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89w E/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa 2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5Io tF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9 eJ+1a1buq1u7rlUY9j6MIZ3AOl+DBNTTgDprQAgYjeIZ XeHOk8+K8Ox/L1oKTz5zCHzifP1OgjR8=</latexit>
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<latexit sha1_base64="k A8ZOSqnhs8d1r8RaPV/KspzjPY=">AAAB63icbVBNS8N AEJ3Ur1q/oh69LBbBiyWpBT0WvHisYD+gDWWz3bRLdzd hdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2nj et1Pa2Nza3invVvb2Dw6P3OOTjo5TRWibxDxWvRBrypm kbcMMp71EUSxCTrvh9C73u09UaRbLRzNLaCDwWLKIEWx y6cr3vKFb9WreAmid+AWpQoHW0P0ajGKSCioN4Vjrvu8 lJsiwMoxwOq8MUk0TTKZ4TPuWSiyoDrLFrXN0YZURimJ lSxq0UH9PZFhoPROh7RTYTPSql4v/ef3URLdBxmSSGir JclGUcmRilD+ORkxRYvjMEkwUs7ciMsEKE2PjqdgQ/NW X10mnXvOva/WHRrXZKOIowxmcwyX4cANNuIcWtIHABJ7 hFd4c4bw4787HsrXkFDOn8AfO5w+9Q41W</latexit>
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FIG. 1. The far-field signature of a force-free system depends
on the relative z-position of the forces. Illustrated with a 3-
forces system. a,d) The three forces are in a plane ‖ to the
plates: the resulting flow-field is quadrupolar with a r−3 ve-
locity decay. b,e) The forces are in a plane ⊥ to the plates: the
resulting flow-field is dipolar with a r−2 velocity decay. c,f)
Effect of spinning the plane of forces. The central quadrupo-
lar region depends on both the radius of the orbit described
by the forces and the on-axis separation between thrust and
drag (red/green arrows respectively, in the first row). Gray-
scale shows cos(α), where α is the angle between the local
velocity and the swimming axis x.
across the sample cell, with the net result to multiply the
variety of microbial ﬂow ﬁelds with respect to the bulk
case. Despite their sensitivity to the spatial structure of
the micro-swimmer and the level of conﬁnement, the ex-
perimental ﬂow ﬁelds can be modelled accurately within
a 2D thin-ﬁlm approximation even under relatively weak
conﬁnement.
To clarify the eﬀect of conﬁnement, we begin with a
simple example. Liron and Mochon [30] showed that
a point-force F‖ = (Fx, Fy, 0) located at (x = 0, y =
0, z = h) within a Hele-Shaw cell of thickness H in the
z-direction, generates a far-ﬁeld ﬂow given by
uLM,‖(r, z) = f(z, h,H)(1/r
2 − 2rr/r4) · F‖, (1)
where r = (x, y) and f(z, h,H) = −3H/(2πµ)[z/H −
(z/H)2][h/H − (h/H)2]. This ﬁeld is equivalent to a 2D
source dipole whose strength f(z, h,H) depends quadrat-
ically on the vertical position h of the Stokeslet, with a
maximum in the mid-plane (h = H/2). Ignoring tem-
porarily ﬁnite-size eﬀects for real microswimmers, this
h-dependence immediately implies that the ﬂow-ﬁeld cre-
ated by a force-free swimmer should be qualitatively very
sensitive to the spatial arrangement of forces along the
z-direction, because the relative eﬀect of these forces on
the ﬂuid can be very diﬀerent. To illustrate this point, let
us consider the 3-Stokeslets model for CR [17], where a
single force on the ﬂuid representing the cell body motion
(F‖; Fig. 1a-c green arrow), is balanced by a pair of forces
representing the two front ﬂagella (−F‖/2; Fig. 1a-c red
arrows). When the forces are parallel to the xy-plane,
the far-ﬁeld has indeed a force-dipole symmetry, with a
∼ r−3 decay as predicted in [28] (Fig. 1a,d). However,
when the forces lay on a plane perpendicular to the xy-
plane, the far-ﬁeld has a source dipole symmetry with a
slower ∼ r−2 decay (Fig. 1b,e). The size of the force-
dipole-like recirculation region close to the front of the
swimmer (Fig. 1e) depends strongly on both on-axis dis-
tance between thrust and drag forces, and the separation
between the putative ﬂagellar forces. For a swimmer that
spins as it swims, as for CR, the topology of the ﬂow-
ﬁeld will then oscillate periodically as a function of the
rotation of the ﬂagellar plane (see Movie S1 [37]), and
not just as a function of the phase in the beating cycle
[26, 38]. In this case, the rotation-averaged ﬂow always
retains a source dipole far-ﬁeld symmetry (Fig. 1c,f),
while the extent of the near-ﬁeld recirculation depends on
the separation between the pair of thrust forces (Fig. S1
[37]). Overall, these arguments suggest that the eﬀec-
tive 2D representation of the far-ﬂow ﬁeld of a conﬁned
force-free micro-swimmer should be guessed with care, as
the induced ﬂow has a strong qualitative dependence on
the spatial arrangement of the swimmer’s propulsion and
drag forces. This sensitivity is in sharp contrast with the
equivalent case in bulk. It can be understood intuitively
as a result of the h-dependence of the function f(z, h,H),
which implies that a Stokeslet in the mid-plane produces
a z-averaged far-ﬂow ﬁeld stronger than one outside it.
This consequence of conﬁnement appears to have been
largely overlooked, but it could be put to good use to
build artiﬁcial active systems with in situ tuneable hy-
drodynamic interactions, for instance by modulating the
arrangement or orientation of active particles across the
Hele-Shaw cell through the application of external ﬁelds.
Such systems should display a rich set of collective dy-
namic phenomena.
With this in mind we now turn to the experiments,
measuring ﬂow-ﬁelds under controlled conﬁnement for
both a puller-like and a pusher-like swimmer, respec-
tively CR and the dinoﬂagellate Oxyrrhis marina (OM).
These organisms have similarly shaped prolate cell bod-
ies (Fig. S2a,b [37]), with diameters dCR <∼ 10µm and
dOM <∼ 20µm respectively. The former propels with a
characteristic breaststroke beating of its pair of front-
mounted ﬂagella ∼ 12µm-long; the latter employs a
∼ 30µm-long back-mounted ﬂagellum which propagates
bending waves (Movies S2,3; Fig. S2a,b [37]). Both
species spin as they swim. The microorganisms were
grown following [7], and then loaded in microﬂuidic
chambers of uniform thickness H (14µm ≤ H ≤ 60µm)
previously passivated with a 0.5%w/v Pluronic F-127
solution. Tracking of 1µm polystyrene tracer particles
(Polysciences, USA) in the reference frame centred on the
microorganism and oriented along its swimming direc-
tion, was done through a 20× NA 0.40 objective (Nikon,
Japan) at 50 fps. This allowed us to reconstruct the in-
duced ﬂow ﬁeld averaged over the spinning and beat-
3x (µm)
<latexit sha1_base64 ="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1H icjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZ wT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGV NQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9a WFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfN aOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBz bUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZa CEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6H CXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJ TbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop 7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xY qR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567Oh PImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPK xYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jW mtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</late xit><latexit sha1_base64 ="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1H icjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZ wT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGV NQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9a WFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfN aOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBz bUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZa CEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6H CXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJ TbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop 7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xY qR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567Oh PImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPK xYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jW mtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</late xit><latexit sha1_base64 ="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1H icjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZ wT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGV NQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9a WFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfN aOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBz bUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZa CEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6H CXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJ TbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop 7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xY qR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567Oh PImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPK xYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jW mtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</late xit><latexit sha1_base64 ="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1H icjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZ wT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGV NQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9a WFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfN aOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBz bUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZa CEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6H CXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJ TbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop 7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xY qR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567Oh PImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPK xYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jW mtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</late xit>
x (µm)
<latexit sha1_base64="cJ2uOaD0tld4VFOXI TrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGr diFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxp u5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukF qBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipH CJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99 M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3Lu ZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbe lPXwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXI TrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGr diFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxp u5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukF qBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipH CJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99 M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3Lu ZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbe lPXwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXI TrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGr diFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxp u5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukF qBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipH CJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99 M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3Lu ZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbe lPXwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXI TrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGr diFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxp u5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukF qBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipH CJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99 M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3Lu ZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbe lPXwA5f6VGQ==</latexit>
x (µm)
<latexit sha1_base64="cJ2uOaD0tld4VFOXI TrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGr diFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxp u5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukF qBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipH CJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99 M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3Lu ZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbe lPXwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXI TrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGr diFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxp u5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukF qBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipH CJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99 M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3Lu ZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbe lPXwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXI TrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGr diFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxp u5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukF qBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipH CJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99 M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3Lu ZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbe lPXwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXI TrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGr diFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxp u5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukF qBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipH CJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99 M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3Lu ZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbe lPXwA5f6VGQ==</latexit>
x (µm)
<latexit sha1_base64="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofj bp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rx hMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJ yxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDm eZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofj bp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rx hMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJ yxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDm eZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofj bp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rx hMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJ yxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDm eZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</latexit><latexit sha1_base64="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1HicjVHLSsNAFD2Nr1ofj bp0EyxC3ZRECrosuHFZwT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGVNQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9aWFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfNaOObMDx2ctZ3Qi460rx hMvCs/FOGa9wB6G3sBzbUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZaCEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6HCXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJTbpVN8ejk5DeyTJyIdJ yxPM1Q8VZkl+1vuicop7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xYqR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567OhPImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPKxYhM+qpVo1G3Ueu9hDm eZ5hBpOUUdDzfwRT3jWmtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</latexit>
x (µm)
<latexit sha1_base64 ="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1H icjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZ wT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGV NQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9a WFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfN aOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBz bUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZa CEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6H CXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJ TbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop 7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xY qR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567Oh PImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPK xYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jW mtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</late xit><latexit sha1_base64 ="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1H icjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZ wT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGV NQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9a WFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfN aOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBz bUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZa CEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6H CXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJ TbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop 7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xY qR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567Oh PImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPK xYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jW mtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</late xit><latexit sha1_base64 ="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1H icjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZ wT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGV NQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9a WFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfN aOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBz bUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZa CEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6H CXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJ TbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop 7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xY qR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567Oh PImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPK xYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jW mtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</late xit><latexit sha1_base64 ="cJ2uOaD0tld4VFOXITrbUdXWVjk=">AAAC1H icjVHLSsNAFD2Nr1ofjbp0EyxC3ZRECrosuHFZ wT6gLZKk0xqaF5OJWGrdiFt/wK1+k/gH+hfeGV NQi+iEJGfOPefO3Hud2PcSYZqvOW1hcWl5Jb9a WFvf2CzqW9vNJEq5yxpu5Ee87dgJ872QNYQnfN aOObMDx2ctZ3Qi460rxhMvCs/FOGa9wB6G3sBz bUHUhV68vi1PujwwukFqBNODC71kVky1jHlgZa CEbNUj/QVd9BHBRYoADCEEYR82Eno6sGAiJq6H CXGckKfiDFMUyJuSipHCJnZE3yHtOhkb0l7mTJ TbpVN8ejk5DeyTJyIdJyxPM1Q8VZkl+1vuicop 7zamv5PlCogVuCT2L99M+V+frEVggGNVg0c1xY qR1blZllR1Rd7c+FKVoAwxcRL3Kc4Ju8o567Oh PImqXfbWVvE3pZSs3LuZNsW7vCUN2Po5znnQPK xYhM+qpVo1G3Ueu9hDmeZ5hBpOUUdDzfwRT3jW mtqNdqfdf0q1XObZwbelPXwA5f6VGQ==</late xit>
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<latexit sha1_base64="zb/fRFsA51s+GIQpfKiG+EI7BPE="></latexit><latexit sha1_base64="zb/fRFsA51s+GIQpfKiG+EI7BPE="></latexit><latexit sha1_base64="zb/fRFsA51s+GIQpfKiG+EI7BPE="></latexit><latexit sha1_base64="zb/fRFsA51s+GIQpfKiG+EI7BPE="></latexit>
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<latexit sha1_base64="0qlspEFBiADoTVKCBD5AFH0OjQg=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQyCp7AbA3oMePEYwTwgWcLspDcZMvtgpjcYloC/4sWDIl79Dm/+jZNkD5pY0FBUddPd5SdSaHScb2ttfWNza7uwU9zd2z84tI+OmzpOFYcGj2Ws2j7TIEUEDRQooZ0oYKEvoeWPbmd+awxKizh6wEkCXsgGkQgEZ2iknn3aRXjETIE0whgoKBWrac8uOWVnDrpK3JyUSI56z/7q9mOehhAhl0zrjusk6GVMoeASpsVuqiFhfMQG0DE0YiFoL5ufP6UXRunTIFamIqRz9fdExkKtJ6FvOkOGQ73szcT/vE6KwY2XiShJESK+WBSkkmJMZ1nQvlDAUU4MYVwJcyvlQ6YYR5NY0YTgLr+8SpqVsntVrtxXS7VqHkeBnJFzcklcck1q5I7USYNwkpFn8krerCfrxXq3Phata1Y+c0L+wPr8ASNlljI=</latexit>
exp
<latexit sha1_base64 ="C52zmwmNtQIAmCDDyqyLqe7lmQ0=">AAAB8X icbVDLTgJBEJzFF+IL9ehlIjHxRHaRRI8kXjxi Io8IGzI7NDBhdnYz02sgG/7CiweN8erfePNvHG APClbSSaWqO91dQSyFQdf9dnIbm1vbO/ndwt7+ weFR8fikaaJEc2jwSEa6HTADUihooEAJ7VgDCw MJrWB8O/dbT6CNiNQDTmPwQzZUYiA4Qys9dhEm mMIknvWKJbfsLkDXiZeREslQ7xW/uv2IJyEo5J IZ0/HcGP2UaRRcwqzQTQzEjI/ZEDqWKhaC8dPF xTN6YZU+HUTalkK6UH9PpCw0ZhoGtjNkODKr3l z8z+skOLjxU6HiBEHx5aJBIilGdP4+7QsNHOXU Esa1sLdSPmKacbQhFWwI3urL66RZKXtX5cp9tV SrZnHkyRk5J5fEI9ekRu5InTQIJ4o8k1fy5hjn xXl3PpatOSebOSV/4Hz+ADf7kTo=</latexit>
fit
<latexit sha1_base64 ="xDipWrxXUbkKt6q3cdcawcKOfCg=">AAAB8X icbVBNS8NAEN34WetX1aOXxSJ4Kkkt6LHgxWMF +4FtKJvtpF262YTdiVhC/4UXD4p49d9489+4bX PQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3b PzgsHR23TJxqDk0ey1h3AmZACgVNFCihk2hgUS ChHYxvZn77EbQRsbrHSQJ+xIZKhIIztNJDD+EJ s1DgtF8quxV3DrpKvJyUSY5Gv/TVG8Q8jUAhl8 yYrucm6GdMo+ASpsVeaiBhfMyG0LVUsQiMn80v ntJzqwxoGGtbCulc/T2RsciYSRTYzojhyCx7M/ E/r5tieO1nQiUpguKLRWEqKcZ09j4dCA0c5cQS xrWwt1I+YppxtCEVbQje8surpFWteJeV6l2tXK /lcRTIKTkjF8QjV6RObkmDNAknijyTV/LmGOfF eXc+Fq1rTj5zQv7A+fwBKLyRMA==</latexit>
|
<latexit sha1_base64="Zb/0uSE4jzk0QvjPELV3Xaoimog=">AAACNHicdVDLSgNBEJz1GeMr6tHLYhC8GHdjQI8BL4KXCOYBSQizk95kyOyDmV5J2OxHefFDvIjgQRGvfoOzSQ6aaMFAUdXFdJcTCq7Qsl6MpeWV1bX1zEZ2c2t7Zze3t19TQSQZVFkgAtlwqALBfagiRwGNUAL1HAF1Z3CV+vV7kIoH/h2OQmh7tOdzlzOKWurkbsYtj2LfceMo6cQthCHGMAyT5HRRdzkmyfjsv8S4k8tbBWsCc5HYM5InM1Q6uadWN2CRBz4yQZVq2laI7ZhK5ExAkm1FCkLKBrQHTU196oFqx5OjE/NYK13TDaR+PpoT9Wcipp5SI8/Rk+m+at5Lxb+8ZoTuZTvmfhgh+Gz6kRsJEwMzbdDscgkMxUgTyiTXu5qsTyVlqHvO6hLs+ZMXSa1YsM8LxdtSvlya1ZEhh+SInBCbXJAyuSYVUiWMPJBn8kbejUfj1fgwPqejS8Ysc0B+wfj6Bsoer7k=</latexit>
0
<latexit sha1_base64 ="JuSroooeWp+DlKIi3Afui33u440=">AAAB6H icbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeCF48t 2A9oQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZ uDtj4YeLw3w8y8MBVcG8/7dgobm1vbO8Xd0t7+ weFR+fikpZNMMWyyRCSqE1KNgktsGm4EdlKFNA 4FtsPx3dxvP6HSPJEPZpJiENOh5BFn1Fip4fXL Fc/1FiDrxM9JBXLU++Wv3iBhWYzSMEG17vpeao IpVYYzgbNSL9OYUjamQ+xaKmmMOpguDp2RC6sM SJQoW9KQhfp7YkpjrSdxaDtjakZ61ZuL/3ndzE S3wZTLNDMo2XJRlAliEjL/mgy4QmbExBLKFLe3 EjaiijJjsynZEPzVl9dJq+r6V261cV2puXkcRT iDc7gEH26gBvdQhyYwQHiGV3hzHp0X5935WLYW nHzmFP7A+fwBdGOMpA==</latexit>
50
<latexit sha1_base64 ="fqfWTlaPsZIKYZ2y8Ww/PMHn37M=">AAAB6X icbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoseCF49V 7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jts 1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3 b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGo cCW+Hodua3nlBpnshHM04xiOlA8ogzaqz0cOX1 yhXP9eYgq8TPSQVy1Hvlr24/YVmM0jBBte74Xm qCCVWGM4HTUjfTmFI2ogPsWCppjDqYzC+dkjOr 9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95nc xEN8GEyzQzKNliUZQJYhIye5v0uUJmxNgSyhS3 txI2pIoyY8Mp2RD85ZdXSbPq+hdu9f6yUnPzOI pwAqdwDj5cQw3uoA4NYBDBM7zCmzNyXpx352PR WnDymWP4A+fzB+nQjOM=</latexit>
−50
<latexit s ha1_base64="wo7fzn7 GrRtujzarscVJf8bRcE Q=">AAAB6nicbVBNS8N AEJ34WetX1aOXxSJ4MS RV0WPBi8eK9gPaUDbbT bt0swm7E6GU/gQvHhTx 6i/y5r9x2+agrQ8GHu/ NMDMvTKUw6Hnfzsrq2v rGZmGruL2zu7dfOjhsm CTTjNdZIhPdCqnhUihe R4GSt1LNaRxK3gyHt1O /+cS1EYl6xFHKg5j2lY gEo2ilh/Mrr1sqe643A 1kmfk7KkKPWLX11egnL Yq6QSWpM2/dSDMZUo2C ST4qdzPCUsiHt87alis bcBOPZqRNyapUeiRJtS yGZqb8nxjQ2ZhSHtjOm ODCL3lT8z2tnGN0EY6H SDLli80VRJgkmZPo36Q nNGcqRJZRpYW8lbEA1Z WjTKdoQ/MWXl0mj4voX buX+slx18zgKcAwncAY +XEMV7qAGdWDQh2d4hT dHOi/Ou/Mxb11x8pkj+ APn8wdTU40a</latexi t>
0
<latexit sha1_base64="JuSroooeWp+DlKIi3 Afui33u440=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeCF48t2A9oQ9lsJ+3azSbsboR S+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG8/7dgobm1vbO8Xd0t7+weFR+fikpZNMMWyyRCS qE1KNgktsGm4EdlKFNA4FtsPx3dxvP6HSPJEPZpJiENOh5BFn1Fip4fXLFc/1FiDrxM9JBXLU++W v3iBhWYzSMEG17vpeaoIpVYYzgbNSL9OYUjamQ+xaKmmMOpguDp2RC6sMSJQoW9KQhfp7YkpjrSd xaDtjakZ61ZuL/3ndzES3wZTLNDMo2XJRlAliEjL/mgy4QmbExBLKFLe3EjaiijJjsynZEPzVl9d Jq+r6V261cV2puXkcRTiDc7gEH26gBvdQhyYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBdGOMpA= =</latexit>
50
<latexit sha1_base64="fqfWTlaPsZIKYZ2y8 Ww/PMHn37M=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoseCF49V7Ae0oWy2k3bpZhN2N0I p/QdePCji1X/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhL VDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz0cOX1yhXP9eYgq8TPSQVy1Hv lr24/YVmM0jBBte74XmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzC+dkjOr9EmUKFvSkLn6e2JCY63 HcWg7Y2qGetmbif95ncxEN8GEyzQzKNliUZQJYhIye5v0uUJmxNgSyhS3txI2pIoyY8Mp2RD85Zd XSbPq+hdu9f6yUnPzOIpwAqdwDj5cQw3uoA4NYBDBM7zCmzNyXpx352PRWnDymWP4A+fzB+nQjOM =</latexit>
−50
<latexit sha1_base64 ="wo7fzn7GrRtujzarscVJf8bRcEQ=">AAAB6n icbVBNS8NAEJ34WetX1aOXxSJ4MSRV0WPBi8eK 9gPaUDbbTbt0swm7E6GU/gQvHhTx6i/y5r9x2+ agrQ8GHu/NMDMvTKUw6Hnfzsrq2vrGZmGruL2z u7dfOjhsmCTTjNdZIhPdCqnhUiheR4GSt1LNaR xK3gyHt1O/+cS1EYl6xFHKg5j2lYgEo2ilh/Mr r1sqe643A1kmfk7KkKPWLX11egnLYq6QSWpM2/ dSDMZUo2CST4qdzPCUsiHt87alisbcBOPZqRNy apUeiRJtSyGZqb8nxjQ2ZhSHtjOmODCL3lT8z2 tnGN0EY6HSDLli80VRJgkmZPo36QnNGcqRJZRp YW8lbEA1ZWjTKdoQ/MWXl0mj4voXbuX+slx18z gKcAwncAY+XEMV7qAGdWDQh2d4hTdHOi/Ou/Mx b11x8pkj+APn8wdTU40a</latexit>
0
<latexit sha1_base64="JuSroooeWp+DlKIi3 Afui33u440=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeCF48t2A9oQ9lsJ+3azSbsboR S+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG8/7dgobm1vbO8Xd0t7+weFR+fikpZNMMWyyRCS qE1KNgktsGm4EdlKFNA4FtsPx3dxvP6HSPJEPZpJiENOh5BFn1Fip4fXLFc/1FiDrxM9JBXLU++W v3iBhWYzSMEG17vpeaoIpVYYzgbNSL9OYUjamQ+xaKmmMOpguDp2RC6sMSJQoW9KQhfp7YkpjrSd xaDtjakZ61ZuL/3ndzES3wZTLNDMo2XJRlAliEjL/mgy4QmbExBLKFLe3EjaiijJjsynZEPzVl9d Jq+r6V261cV2puXkcRTiDc7gEH26gBvdQhyYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBdGOMpA= =</latexit>
50
<latexit sha1_base64="fqfWTlaPsZIKYZ2y8 Ww/PMHn37M=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoseCF49V7Ae0oWy2k3bpZhN2N0I p/QdePCji1X/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhL VDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz0cOX1yhXP9eYgq8TPSQVy1Hv lr24/YVmM0jBBte74XmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzC+dkjOr9EmUKFvSkLn6e2JCY63 HcWg7Y2qGetmbif95ncxEN8GEyzQzKNliUZQJYhIye5v0uUJmxNgSyhS3txI2pIoyY8Mp2RD85Zd XSbPq+hdu9f6yUnPzOIpwAqdwDj5cQw3uoA4NYBDBM7zCmzNyXpx352PRWnDymWP4A+fzB+nQjOM =</latexit>
−50
<latexit sha1_base64="wo7fzn7GrRtujzars cVJf8bRcEQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4MSRV0WPBi8eK9gPaUDbbTbt0swm7E6G U/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6Hnfzsrq2vrGZmGruL2zu7dfOjhsmCTTjNdZIhP dCqnhUiheR4GSt1LNaRxK3gyHt1O/+cS1EYl6xFHKg5j2lYgEo2ilh/Mrr1sqe643A1kmfk7KkKP WLX11egnLYq6QSWpM2/dSDMZUo2CST4qdzPCUsiHt87alisbcBOPZqRNyapUeiRJtSyGZqb8nxjQ 2ZhSHtjOmODCL3lT8z2tnGN0EY6HSDLli80VRJgkmZPo36QnNGcqRJZRpYW8lbEA1ZWjTKdoQ/MW Xl0mj4voXbuX+slx18zgKcAwncAY+XEMV7qAGdWDQh2d4hTdHOi/Ou/Mxb11x8pkj+APn8wdTU40 a</latexit>
0
<latexit sha1_base64="JuSroooeWp+DlKIi3 Afui33u440=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeCF48t2A9oQ9lsJ+3azSbsboR S+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG8/7dgobm1vbO8Xd0t7+weFR+fikpZNMMWyyRCS qE1KNgktsGm4EdlKFNA4FtsPx3dxvP6HSPJEPZpJiENOh5BFn1Fip4fXLFc/1FiDrxM9JBXLU++W v3iBhWYzSMEG17vpeaoIpVYYzgbNSL9OYUjamQ+xaKmmMOpguDp2RC6sMSJQoW9KQhfp7YkpjrSd xaDtjakZ61ZuL/3ndzES3wZTLNDMo2XJRlAliEjL/mgy4QmbExBLKFLe3EjaiijJjsynZEPzVl9d Jq+r6V261cV2puXkcRTiDc7gEH26gBvdQhyYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBdGOMpA= =</latexit>
50
<latexit sha1_base64="fqfWTlaPsZIKYZ2y8Ww/PMHn37M=">AAAB6XicbVBNS8NAEJ3Ur1q/q h69LBbBU0iqoseCF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM 04xiOlA8ogzaqz0cOX1yhXP9eYgq8TPSQVy1Hvlr24/YVmM0jBBte74XmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzC+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEN8GEyzQzKNliUZQJY hIye5v0uUJmxNgSyhS3txI2pIoyY8Mp2RD85ZdXSbPq+hdu9f6yUnPzOIpwAqdwDj5cQw3uoA4NYBDBM7zCmzNyXpx352PRWnDymWP4A+fzB+nQjOM=</latexit>
−50
<latexit sha1_base64="wo7fzn7GrRtujzars cVJf8bRcEQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4MSRV0WPBi8eK9gPaUDbbTbt0swm7E6G U/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6Hnfzsrq2vrGZmGruL2zu7dfOjhsmCTTjNdZIhP dCqnhUiheR4GSt1LNaRxK3gyHt1O/+cS1EYl6xFHKg5j2lYgEo2ilh/Mrr1sqe643A1kmfk7KkKP WLX11egnLYq6QSWpM2/dSDMZUo2CST4qdzPCUsiHt87alisbcBOPZqRNyapUeiRJtSyGZqb8nxjQ 2ZhSHtjOmODCL3lT8z2tnGN0EY6HSDLli80VRJgkmZPo36QnNGcqRJZRpYW8lbEA1ZWjTKdoQ/MW Xl0mj4voXbuX+slx18zgKcAwncAY+XEMV7qAGdWDQh2d4hTdHOi/Ou/Mxb11x8pkj+APn8wdTU40 a</latexit>
0
<latexit sha1_base64="JuSroooeWp+DlKIi3Afui33u440=">AAAB6HicbVBNS8NAEJ3Ur1q/q h69LBbBU0iqoMeCF48t2A9oQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG8/7dgobm1vbO8Xd0t7+weFR+fikpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPx3dxvP6HSPJEPZ pJiENOh5BFn1Fip4fXLFc/1FiDrxM9JBXLU++Wv3iBhWYzSMEG17vpeaoIpVYYzgbNSL9OYUjamQ+xaKmmMOpguDp2RC6sMSJQoW9KQhfp7YkpjrSdxaDtjakZ61ZuL/3ndzES3wZTLNDMo2XJRlAliE jL/mgy4QmbExBLKFLe3EjaiijJjsynZEPzVl9dJq+r6V261cV2puXkcRTiDc7gEH26gBvdQhyYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBdGOMpA==</latexit>
50
<latexit sha1_base64="fqfWTlaPsZIKYZ2y8Ww/PMHn37M=">AAAB6XicbVBNS8NAEJ3Ur1q/q h69LBbBU0iqoseCF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM 04xiOlA8ogzaqz0cOX1yhXP9eYgq8TPSQVy1Hvlr24/YVmM0jBBte74XmqCCVWGM4HTUjfTmFI2ogPsWCppjDqYzC+dkjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif95ncxEN8GEyzQzKNliUZQJY hIye5v0uUJmxNgSyhS3txI2pIoyY8Mp2RD85ZdXSbPq+hdu9f6yUnPzOIpwAqdwDj5cQw3uoA4NYBDBM7zCmzNyXpx352PRWnDymWP4A+fzB+nQjOM=</latexit>
−50
<latexit sha1_base64="wo7fzn7GrRtujzarscVJf8bRcEQ=">AAAB6nicbVBNS8NAEJ34WetX1 aOXxSJ4MSRV0WPBi8eK9gPaUDbbTbt0swm7E6GU/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6Hnfzsrq2vrGZmGruL2zu7dfOjhsmCTTjNdZIhPdCqnhUiheR4GSt1LNaRxK3gyHt1O/+cS1EYl6x FHKg5j2lYgEo2ilh/Mrr1sqe643A1kmfk7KkKPWLX11egnLYq6QSWpM2/dSDMZUo2CST4qdzPCUsiHt87alisbcBOPZqRNyapUeiRJtSyGZqb8nxjQ2ZhSHtjOmODCL3lT8z2tnGN0EY6HSDLli80VRJ gkmZPo36QnNGcqRJZRpYW8lbEA1ZWjTKdoQ/MWXl0mj4voXbuX+slx18zgKcAwncAY+XEMV7qAGdWDQh2d4hTdHOi/Ou/Mxb11x8pkj+APn8wdTU40a</latexit>
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<latexit sha1_base64="d4o3Ms3ALdTBru/8lcKmrFKMgQE=">AAAB6HicbVBNS8NAEJ34WetX1 aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM 03Qj+hI8pAzaqzU9AalsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJ vOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4Ad7WMqw==</latexit>
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<latexit sha1_base64="buqwqt41l27EsUXgHsXg9xH5Lpw=">AAAB6HicbVBNS8NAEJ34WetX1 aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM 03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJ vOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AdjGMqg==</latexit>
| <latexit sha1_base64="W1IOEa0fsOQvlB/ukXVz2XMHC/Q=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Ckkt1N6KXjy2YD+gDWWz3bRrN5uwuxFK7C/w4kERr/4kb/4bt2kEFX0w8Hhvhpl5fsyZ0o7zYa2srq1vbBa2its7u3v7pYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96dXC795RqVgkbvQspl6Ix4IFjGBtpNb9sFR27HoGtCS1ak7qLnJtJ0MZcjSHpffBKCJJSIUmHCvVd51YeymWmhFO58VBomiMyRSPad9QgUOqvDQ7dI5OjTJCQSRNCY0y9ftEikOlZqFvOkOsJ+q3txD/8vqJDi68lIk40VSQ5aIg4UhHaPE1GjFJieYzQzCRzNyKyARLTLTJpmhC+PoU/U86Fds9tyutarlxmcdRgGM4gTNwoQYNuIYmtIEAhQd4gmfr1nq0XqzXZeuKlc8cwQ9Yb5/C0Y2X</latexit>
| <latexit sha1_base64="W1IOEa0fsOQvlB/ukXVz2XMHC/Q=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Ckkt1N6KXjy2YD+gDWWz3bRrN5uwuxFK7C/w4kERr/4kb/4bt2kEFX0w8Hhvhpl5fsyZ0o7zYa2srq1vbBa2its7u3v7pYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96dXC795RqVgkbvQspl6Ix4IFjGBtpNb9sFR27HoGtCS1ak7qLnJtJ0MZcjSHpffBKCJJSIUmHCvVd51YeymWmhFO58VBomiMyRSPad9QgUOqvDQ7dI5OjTJCQSRNCY0y9ftEikOlZqFvOkOsJ+q3txD/8vqJDi68lIk40VSQ5aIg4UhHaPE1GjFJieYzQzCRzNyKyARLTLTJpmhC+PoU/U86Fds9tyutarlxmcdRgGM4gTNwoQYNuIYmtIEAhQd4gmfr1nq0XqzXZeuKlc8cwQ9Yb5/C0Y2X</latexit>
| <latexit sha1_base64="W1IOEa0fsOQvlB/ukXVz2XMHC/Q=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Ckkt1N6KXjy2YD+gDWWz3bRrN5uwuxFK7C/w4kERr/4kb/4bt2kEFX0w8Hhvhpl5fsyZ0o7zYa2srq1vbBa2its7u3v7pYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96dXC795RqVgkbvQspl6Ix4IFjGBtpNb9sFR27HoGtCS1ak7qLnJtJ0MZcjSHpffBKCJJSIUmHCvVd51YeymWmhFO58VBomiMyRSPad9QgUOqvDQ7dI5OjTJCQSRNCY0y9ftEikOlZqFvOkOsJ+q3txD/8vqJDi68lIk40VSQ5aIg4UhHaPE1GjFJieYzQzCRzNyKyARLTLTJpmhC+PoU/U86Fds9tyutarlxmcdRgGM4gTNwoQYNuIYmtIEAhQd4gmfr1nq0XqzXZeuKlc8cwQ9Yb5/C0Y2X</latexit>
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<latexit sha1_base64="3S7e63ZJ+SLpPBFpwSdafXh3lMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEIF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AO2XjQQ=</latexit>|
<latexit sha1_base64="3S7e63ZJ+SLpPBFpwSdafXh3lMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEIF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AO2XjQQ=</latexit>|
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<latexit sha1_base64="3S7e63ZJ+SLpPBFpwSdafXh3lMs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtaEIF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AO2XjQQ=</latexit>|
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FIG. 2. CR flow fields. a-e) Experimental flow-fields for CR for: a) H = 60µm, b) H = 43µm, c) H = 29µm, d) H = 21.5µm,
e) H = 14µm. f-j) Corresponding flow-fields obtained from best fits to the effective 2D model. Blue dots: Stokeslets’ location;
black dot: source dipole location. Gray scale follows convention from Fig. 1. All panels show streamlines (solid lines) and local
velocity vector fields (red arrows). k-o) Magnitudes of the difference between experimental and fitted flows, normalised by the
experimental magnitude. Dashed circles in o) indicate the region of the experimental flows used to determine best fits.
ing cycles, and across the 10µm focal volume centred in
the middle of the chamber [17, 37]. Figure 2a-e shows
the ﬂow ﬁelds for CR at ﬁve decreasing chamber thick-
nesses (experimental/numerical ﬂow ﬁelds in blue/green
throughout). Under weak conﬁnement (H = 60, 43µm;
Fig. 2a,b) the ﬂows present a characteristic puller-like
symmetry, with a stagnation point ∼ 25µm in front of
the cell. Although both features are typical of bulk ﬂows
[17], the bulk solution yields in fact a poor quantitative
agreement, even for H = 60µm (Fig. S3 [37]). As the
channel thickness decreases further (H = 29, 21.5, 14µm;
Fig. 2c,d,e) the ﬂow-ﬁeld develops clearly the structure of
a source dipole. The velocity decays as ∼ r−2, conﬁrming
that this is a two-dimensional source dipole (Fig. S4 [37]).
At the same time, close to the cell the ﬂow presents some
diﬀerences from a pure 2D source dipole, with a slight
front-back asymmetry and side vortices (Fig. 2c-e).
Figure 3a,b, however, shows that the ﬂows generated
by OM in strong conﬁnement (H = 21.5, 29µm) are qual-
itatively diﬀerent from those observed for CR. Within
our experimentally accessible range, corresponding to a
∼ 30× velocity decay for both species (Figs. S4,5 [37]),
OM ﬂows display a front-back asymmetric force dipole
ﬁeld instead of CR’s source dipole. This striking diﬀer-
ence in ﬂow structure conﬁrms that conﬁnement does not
reduce all microbial ﬂows to a unique type, but rather
makes them very sensitive to precise details of a swim-
mer’s geometry beyond its ﬁnite size body.
To rationalise the measured ﬂows, it is instructive to
start ﬁrst with a simple superposition of the far-ﬁeld
point force solutions from Liron and Mochon [30]. Fit-
ting the average ﬂows of a spinning 3-forces model for
CR (Fig. 1c) and oﬀ-centre 2-forces one for OM (Fig. S2
[37]) to the experimental ﬂow-ﬁelds in H = 21.5µm, re-
veals clearly that both models lack an extra 2D source
dipole (Fig. S6 [37]). This would naturally arise from
the cells’ ﬁnite-size bodies [28], and suggests to turn to
a conceptually simpler 2D approach, in the spirit of the
general treatment of Hele-Shaw ﬂows [39]. The microor-
ganisms, centred in the ﬁeld of view and swimming along
the positive x-direction, are modelled by a set of point
forces representing drag (strength FS, position (x0, 0))
and thrust (CR: two point forces of strength −FS/2
at (x1,±y1); OM: one point force of strength −FS at
(x1, 0)). Each force is along the x axis, and generates a
ﬂow given by the Green’s function for the eﬀective 2D
Stokes equations [37, 39]. For no-slip boundaries, the
functional shape of this ﬂow depends on a single length-
scale λ = H/
√
12, ﬁxed here by the measured sample
thicknesses. The forces are then supplemented by a 2D
source dipole ud = −Id(ex/r2 − 2rx/r4)/2π at position
(xd, 0). It represents both the eﬀect of ﬁnite-size body,
and the unequal screening of drag and thrust forces by
the walls which is connected to the organism’s shape and
spinning (see Fig. 1c,f). The best ﬁts to the experimental
data are shown in Fig. 2f-j and Fig. 3c-d. They were ob-
tained through a systematic sweep in the space of initial
parameter values [37] searching optimal ﬁts to an annu-
lar region between 25µm and 60µm around the swimmer
(Fig. 2o, dashed lines). Within this region, for each one
of the 3.7µm× 3.7µm spatial bins, we collected at least
7× 103 independent measurements for CR (370 for OM)
for each H value (Table S2 [37]). The ﬁts agree very
well with the experiments, with typical relative errors of
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5cal purposes, negligible. In the present case, this leads to
strong diﬀerences in the topology of OM and CR ﬂows, as
a result of the on-axis separation between OM’s propul-
sion and drag forces. We expect that these qualitative
diﬀerences will inﬂuence both the biology (e.g. feeding
currents) and the physics (e.g. collective behaviour) of
microorganisms in conﬁnement. Despite qualitative dif-
ferences, the ﬂows of both micro-swimmers can be accu-
rately described by considering just a 2D source dipole
and a force-free combination of Stokeslets [39]. The lat-
ter should reﬂect the speciﬁc arrangement of swimming
appendages for each microorganism. We hope that our
work will inspire future investigations on the great diver-
sity of ﬂuid ﬂows in conﬁned active matter.
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6CONFINEMENT ENHANCES THE DIVERSITY
OF MICROBIAL FLOW FIELDS
DESCRIPTION OF THE EXPERIMENTS
The measurement of the ﬂow-ﬁelds was performed as
previously done in [1] (Drescher et al PRL 2010) by using
Particle Tracking Velocimetry (PTV) to reconstruct the
motion of 1µm-polystyrene particles (Polysciences, cat.
no. 19819-1) in the frame of reference centred on the
microorganism and with the x-axis oriented along the
instantaneous swimming direction. This registers all the
tracer displacements as if they were measured in the labo-
ratory frame with the swimmer passing by the origin with
its velocity oriented along the positive x-axis. The mixed
cells/colloids suspension was loaded in microﬂuidic Hele-
Shaw channels of well-controlled thickness which were
then sealed with vaseline to prevent ﬂows from evapo-
ration. Before loading the suspension, we left a 0.5%
w/v Pluronic F-127 solution inside the chamber for at
least 30 minutes in order to passivate the surfaces of the
microﬂuidic chips and limit the sticking of the particles.
To limit the amount of data acquired, we restrained our-
self to the measurement of ﬂow-ﬁelds averaged over the
strokes and spinning of the organisms, which was done
by recording at 50 fps. In addition, in order to optimise
the statistics per frame while keeping the cells concentra-
tion low enough we recorded at 20x magniﬁcation (under
Phase Contrast illumination) with a 1 Megapixels camera
(model: Pike F-100B, AVT). This gives a square ﬁeld of
view of width 370µm in which we had on average ∼ 2−3
cells. This setting implies also that the depth of focus
is relatively large (<∼ 10µm), leading to measured ﬂow-
ﬁelds vertically averaged over this length. Finally we
always focused in the middle of the chambers to ensure
a symmetric situation with respect to the two conﬁning
walls.
We have measured the ﬂow-ﬁelds of CR (CC-125)
and OM (CCAP-1133/5) in chamber thickness H =
14, 21.5, 29, 43, 60µm and H = 21.5, 29µm respectively
(Figs.2,3 main text). The average speed and size of the
swimmers are collated in Table S1, together with error
bars representing the standard deviation of the respective
distributions across the population (and not the errors of
the mean). For each H value, we recorded at least 1000
individuals for CR and at least 175 individuals for OM.
EFFECTIVE 2D MODEL
We modelled the ﬂow produced by the micro-
organisms as a multipolar expansion by considering a
pure 2D source dipole that represents the eﬀect of swim-
mers’ ﬁnite size and a set of 2D Stokeslets that represents
propulsion. The source dipole is located at (xd, 0) and is
oriented along the direction of motion x:
ud,x(x, y) =
Id
2π
(x− xd)2 − y2
r4
, (2)
ud,y(x, y) =
Id
2π
2(x− xd)y
r4
, (3)
The 2D Stokeslet is given by [39]:
uf (r,F) = Gf .
F
2πηH
, (4)
Gf = f1(r/λ)I+ f2(r/λ)rˆrˆ, (5)
f1(w) = K0(w)− (w−2 + w−1K ′0(w)), (6)
= K0(w)− w−2 + w−1K1(w), (7)
f2(w) = 2w
−2 − w(w−1K ′0(w))′, (8)
= 2w−2 − 2w−1K1(w)−K0(w), (9)
where F is the point force, η is the dynamic viscosity
of the ﬂuid and K0,1 is the modiﬁed Bessel function of
the second kind of zero-th (resp. ﬁrst) order. In this
formula the point-force is located at the origin. For no-
slip surfaces, the length λ is related to the thickness of
the sample cell H by λ = H/
√
12 (notice that there is a
typo in [39], which states instead that λ = H).
To model CR we consider three of those Stokeslets, one
at (x0, 0) oriented along the direction of motion which
models the drag on the cell body (strength FS), and two
others located at (x1, y1) and (x1,−y1), oriented in the
opposite direction, which represent the thrust from the
ﬂagella. Each of those thrust forces has a strength FS/2.
To model OM we consider only two of those Stokeslets,
one at (x0, 0) oriented along the direction of motion
which models the drag on the cell body (strength FS),
and an other located at (x1, 0), oriented in the opposite
direction, which represents the thrust from the ﬂagellum
(strength FS).
PROCEDURE FOR THE FITTING OF THE
FLOW-FIELDS
We used the model described in the previous section to
ﬁt our experimental ﬂow-ﬁelds. Consequently we have 6
free-ﬁtting parameters for CR (Id, xd, FS, x0, x1, y1) and
5 for OM (Id, xd, FS, x0, x1). Because of this large num-
ber, the ﬁtting procedure is very sensitive to the ini-
tial guess values imposed on these parameters. There
are many local minima in this high-dimensional space.
Then, in order to select the best possible ﬁt amongst
these local minima, we have systematically performed a
sweep on the initial guess values. The ﬁnal choice of
the best ﬁtting parameters was then based on the rela-
tive error of the ﬁt, the probability of its occurence and
the physical soundness of the parameters value (see Ta-
ble S2). We used a non-linear least-square approach us-
ing the Matlab function fminsearch and minimizing the
7TABLE S1. Swimmers characteristics.
Organism Swimming speed (µm.s−1) Major axis length (µm) Minor axis length (µm)
CR
H = 14µm⇒ V = 41.3± 13.0
H = 21.5µm⇒ V = 48.5± 15.0
H = 29µm⇒ V = 45.4± 17.5 10.1± 1.7 8.0± 1.7
H = 43µm⇒ V = 50± 18.0
H = 60µm⇒ V = 44.6± 18.3
OM
H = 21.5µm⇒ V = 73.6± 15.6 22.9± 3.4 16.6± 1.8
H = 29µm⇒ V = 87.5± 23.9
TABLE S2. Statistics of the fitting procedure.
Organism and H Avg. reads/bin (rin < r < rout) Total no. of fits No. of occurences of selected fit Rel. error of fit selected (×10
−3)
CR 14µm 8.4× 103 1800 202 7.5
CR 21.5µm 7.2× 103 1800 125 8.9
CR 29µm 2.0× 104 1800 44 8.4
CR 43µm 1.8× 104 1800 397 18.6
CR 60µm 4.7× 104 1800 321 29.6
OM 21.5µm 923 600 235 45.9
OM 29µm 370 600 424 72.2
relative error deﬁned as ǫ({xi, yj}) =
∑
i,j(uexp(xi, yj)−
ufit(xi, yj))
2/
∑
i,j u
2
exp(xi, yj). Error bars on the ﬁt-
ting parameters have been estimated by computing the
variance-covariance matrix obtained with a direct least-
square ﬁtting of the 2D ﬂows using the Matalb function
lsqcurve and setting the initial guess values of the pa-
rameters as the one given by the best ﬁt from the ﬁrst
approach. Finally the ﬁtting has been performed within a
ring deﬁned by the two radii rin = 25µm and rout = 60µm
from the center of the organisms. The value of rout cor-
responds to the limit where the signal-to-noise ratio be-
comes too low, while rin has been chosen to limit the
inﬂuence of the very details of the near-ﬁeld ﬂows.
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SUPPLEMENTARY FIGURES
FIG. S1. A spinning 3-forces swimmer always generates
(on average) a dipolar far-field with a quadrupolar re-
circulation zone in the center. The extent of this region
directly depends on the radius of the orbit described by
the thrust forces. We show here the flow-fields obtained
in H = 21.5µm for a 3-forces swimmer having the drag
force (green) in the mid-plane and the thrust forces (red)
10µm in front and describing a circular orbit with radius:
a) 3µm, b) 5µm, c) 7µm.
9FIG. S2. a) and b) Photographs of Chlamydomonas
reinhardtii (wild-type) and Oxyrrhis marina respectively.
Flagella have been highlighted in red. These appendages
are off-centered with respect to the body and rotates
around the axis of motion as the cell spins. Scale bar
represents 10µm in both cases. c) and d) To quantify
the role of cell spinning on the experimental flow-fields
in confinement, we have first modelled (see Fig. S6) these
organisms as 3-forces (resp. 2-forces) swimmers with the
Stokeslets approximation of Liron and Mochon [30] and
with the thrust force(s) that rotate(s) around the axis of
motion in a circular orbit with radius rc.
FIG. S3. Bulk flow fit. a) Experimental flow-field ob-
tained for CR in H = 60µm (same as Fig. 2a main text).
b) Best fit to a bulk model [17] obtained by considering a
spinning 3-forces swimmer with the bulk Stokeslet solu-
tion and an additional 3D source dipole. The streamlines
are qualitatively different. c) Relative error of the fit with
respect to the experimental flow field. d) Log-log plot of
the velocity decay of both the experimental (solid lines)
and fitting flow-fields (dashed lines). Black dashed lines
indicate r−2 and r−1 decay and are added as a guide to
the eye.
FIG. S4. Transects for the CR flow fields under different
levels of confinement. Log-log plot of the velocity decay
of both the experimental (solid lines) and fitting flow-
fields (dashed lines) for: a) H = 60µm, b) H = 43µm,
c) H = 29µm, d) H = 21.5µm, e) H = 14µm. Black
dashed lines indicate r−2 and r−1 decay and are added
as a guide to the eye.
FIG. S5. Transects for the OM flow fields under different
levels of confinement. Log-log plot of the velocity decay
of both the experimental (solid lines) and fitting flow-
fields (dashed lines) for: a) H = 29µm, b) H = 21.5µm.
Black dashed lines indicate r−2 and r−1 decay and are
added as a guide to the eye.
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FIG. S6. Best fitting flow-fields obtained from the
Stokeslet approximation in confinement of Liron and Mo-
chon [30] for a) CR and b) OM in H = 21.5µm. The
angular symmetry of the flow is well captured (compare
panel a with Fig. 2b main text and panel b with Fig. 3a
main text). c,d) Relative error of the fit with respect to
the experimental flow field for CR and OM respectively.
This is everywhere at least O(1). e,f) Log-log plot of the
velocity decay of both the experimental (solid lines) and
fitting flow-fields (dashed lines). The model does not de-
scribe well the experiments. g,h) Substracting the best
fit to the corresponding experimental flow-field reveals a
(noisy) dipolar symmetry. This reflects the fact that this
approach does not take into account the finite size of the
organisms.
FIG. S7. Evolution of the other free-fitting parameters
obtained from our effective 2D model. Stars = OM; cir-
cles = CR. a) Source dipole localisation xd. We consis-
tently observe the dipole to be shifted towards the flagella
(i.e. in front of the cell body center for CR and at the
back for OM). b) On-axis position of the drag force x0
(gray) and thrust force(s) x1. c) Orthogonal position of
the thrust forces y1 in the case of CR.
FIG. S8. Flow-field obtained from the best fitting param-
eters of OM’s flow-field in H = 21.5µm with the excep-
tion that the distance |x0 − x1| between the 2 Stokeslets
(blue circles) has been reduced by half. This flow-field
has a dipolar symmetry already within the accessible ex-
perimental range as opposed to the measured flow-field
(Fig. 3a-main text) showing that the spatial arrangement
of the forces have a large impact in confinement.
